Hypoxemia is a major comorbid factor for permanent brain damage in several metabolic encephalopathies. To determine whether hypoxia impairs brain adaptation to hyponatremia, worsening brain edema, we performed in vitro and in vivo studies in cats and rats with hyponatremia plus either ischemic or hypoxic hypoxia. Mortality with hypoxic hypoxia was 0%; with hyponatremia, 22%; and with hyponatremia + hypoxia, 100%. Hyponatremia in cats produced brain edema, with a compensatory decrease of brain sodium. Ischemic hypoxia also resulted in brain edema, but with elevation of brain sodium. However, when ischemic hypoxia was superimposed upon hyponatremia, there was elevation of brain sodium with further elevation of water. Outward sodium transport in cat cerebral cortex synaptosomes was measured via three major pathways through which brain osmolality can be decreased. After hyponatremia, sodium transport was significantly altered such that brain cell osmolality would decrease: 44% increase in Na+-K+-ATPase transport activity (ouabain inhibitable); 26% decrease in amiloride-sensitive sodium uptake. The change in veratridine-stimulated sodium uptake was not significant (P > 0.05). When ischemic hypoxia was superimposed upon hyponatremia, all of the cerebral adaptive changes induced by hyponatremia alone were eliminated. Thus, hypoxia combined with hyponatremia produces a major increase in brain edema and mortality, probably by eliminating the compensatory mechanisms of sodium transport initiated by hyponatremia that tend to minimize brain swelling. (J. Clin. Invest. 1994.93:256-264.)
Introduction
Brain dysfunction in the absence of obvious structural abnormalities may result from endogenous metabolic abnormalities, such as hypoglycemia, hyper-and hyponatremia, hypoxia or uremia, or from exposure to exogenous intoxicants, such as ethyl alcohol, cocaine, or carbon monoxide (1) . Frequently, metabolic encephalopathies are produced by multiple causes, such as ethanol intoxication with phosphate depletion ( pernatremia with hepatic encephalopathy (2) , hyponatremia with hypoxia (3), and carbon monoxide exposure with hypoxia (4) .
Hyponatremia and hypoxia are among the most common metabolic abnormalities seen in a general hospital population (5) (6) (7) . Among patients with hyponatremia, 1% develop encephalopathy, and of these, -20% die or suffer permanent brain damage (3, 7) . Death in such patients is largely the result of brain edema, which, if the brain is unable to adapt, often leads to cerebral herniation (3, 7) . Recent studies from our laboratories in > 100 patients with hyponatremic encephalopathy have demonstrated that systemic hypoxemia is a major factor leading to permanent brain damage (3, 7, 8) . With hypoxic hypoxia, there is decreased oxygen availability to the entire brain, with increased blood flow (9) . With ischemic hypoxia, both oxygen availability and blood flow are impaired (9) .
The brain adapts to hyponatremia largely by extruding monovalent cations, such as sodium, to decrease brain cell osmolality and reduce the amount of cerebral edema ( 10, 11) . Transport of sodium from the brain is regulated primarily by oxygen-requiring pathways ( 12) . Hypoxia alone can lead to cerebral edema (6) , and hypoxia in the presence of other metabolic encephalopathies often worsens the degree ofbrain injury (13) . These factors suggest that hypoxia may impair adaptation ofthe brain to metabolic encephalopathies by inhibition of sodium transport.
Methods
Animal models. In adult rats of both sexes acute hyponatremia was induced by subcutaneous injection of 1 U ofarginine vasopressin in oil and intraperitoneal injection of 10% body weight of 140 mM glucose/ H20 (14) .
Hypoxic hypoxia (9) was induced by having rats breath either 90% nitrogen, 10% oxygen, or room air for 3 h in an airtight chamber. After, arterial blood samples were collected and arterial blood pH, P02, pCO2, and bicarbonate and plasma sodium were measured. Four experimental groups of rats were established: control (arterial P02, 97±3 mm Hg; pCO2, 38±2 mm Hg), n = 10; hypoxia (arterial PO2, 35±3 mm Hg; pCO2, 23±2 mm Hg) with normonatremia (plasma sodium, 140 mM), n = 7; normoxia (arterial P02, 92±4 mm Hg; pCO2, 39±3 mm Hg) with hyponatremia (plasma sodium, 106 mM), n = 12; and hypoxia (PO2, 37±3 mm Hg; pCO2, 26±2 mm Hg) with hyponatremia (plasma sodium, 108 mM), n = 9.
Experiments were performed in two groups of female cats: normal controls (six animals) and acute hyponatremia for 3 h (eight animals). Additionally, unilateral middle cerebral artery (MCA)' was induced in each group. Thus, four subgroups were created: normal controls; 1. Abbreviations used in this paper: ADC, apparent diffusion coefficient; MCA, middle cerebral artery; MRI, magnetic resonance imaging.
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hyponatremic normoxic animals; normonatremic cats with focal ischemia (ischemic hypoxia); and hyponatremic cats in which focal ischemia for 90 min was induced after 90 min of induction of hyponatremia. Animals weighing 2.5-4.0 kg were intravenously anesthetized with 35 mg/kg sodium pentobarbital. Femoral vein and artery catheters were placed for blood pressure monitoring and administration of the contrast agent. Six cats were then placed in the magnetic resonance imaging (MRI) unit for collecting diffusion-weighted and contrast-enhanced echo-planar images in normal animals. Then animals were removed from the magnet for the induction of hyponatremia and/or ligation of the MCA. After ligation ofthe MCA, cats were immediately placed in the magnet. During whole MRI experiment cats were maintained with 1-2% isoflurane in 30% oxygen, 70% nitrous oxide, and mechanically ventilated through an endotracheal tube. Plasma sodium and arterial blood pH, pO2, pCO2, and bicarbonate were monitored ( 15) .
Acute hyponatremia was induced in cats by subcutaneous injection of 1 U of arginine vasopressin in oil and intraperitoneal injection of 12.5% body weight of 140 mM glucose/H20, followed by two subcutaneous injections of0.5 U ofarginine vasopressin in water every 30 min. Plasma sodium was measured every 30 min. The serum sodium was 123±3 mM after 3 h, which is 30 mM below the control value of 153±1 mM (P < 0.01 ) of the normonatremic cats.
Ischemic hypoxia was produced by unilateral ligation of the MCA for 90 min, as previously described ( 16, 17) . After ligation ofthe MCA, cats were immediately placed in the magnet. At the end of the imaging experiment, they were killed, and brain tissue samples were quickly dissected from ischemic tissue in the right hemisphere (areas were defined by contrast-enhanced MRI) and from the corresponding areas of the contralateral hemisphere. Most of the tissue was immediately placed in the isolation media (320 mM sucrose, 0.2 mM K-EDTA, 5 mM Tris-HCl, pH 7.40) to be used for isolation of synaptosomes. The rest ofthe tissue from the selected regions ofthe brains was used for the water and electrolytes analysis.
MRI protocol. To investigate the effect of hyponatremia, ischemic hypoxia, or a combination of those on the magnitude of the apparent diffusion coefficient (ADC) and cerebral perfusion, we used MRI. Imaging experiments were performed on a 2 Tesla Omega CSI system (Bruker Instruments, Fremont, CA) equipped with Acustar S-150 selfshielded gradients (20 G/cm, 15 cm i.d.). A home-built 9-cm i.d. volume birdcage radio frequency coil was used in all studies. Stejskal-Tanner diffusion sensitizing gradients ( 18) of strengths up to 11 G/cm were used to obtain diffusion-weighted images with "b values" in the range of 0 to 2,442 s/mm2.
A net restriction of water proton movement, due to an increased proportion of confined intracellular fluid, and thus the location of cytotoxic brain edema, was determined using diffusion-weighted MRI experiments as previously described ( 19, 20) . The ADC has been proposed to be a marker ofcytotoxic edema, as it decreases progressively as water shifts from the extracellular to intracellular space ( 19, 20) . Spatial "maps" of the ADC (Fig. 1 A) (16, 20) .
Isolation ofsynaptosomes. Synaptosomes were isolated from brain regions that were selected on the basis of observed perfusion deficits on MRI perfusion-sensitive imaging (Fig. 1 B) (20, 22) and diffusionweighted images (Fig. 1 A) (19, 20) , and from the corresponding areas of the contralateral hemisphere in each individual animal. Synaptosomes were extracted from the cerebral cortex of normal, hyponatremic normoxic, normonatremic ischemic, and hyponatremic ischemic cat brain.
Synaptosomes were prepared as previously described in our laboratory (23) . In brief, brain tissue was minced and rinsed three times with 5-10 ml of the ice-cold isolation media (320 mM sucrose, 0.2 mM K-EDTA, 5 mM Tris-HCl, pH 7.40). 20 volumes of isolation media per 1 g of tissue was added, and the extract then was poured into a Dounce homogenizer and homogenized. The suspension was spun at 1,300 g for 8 min in a centrifuge (J21 B; Beckman Instrs., Inc., Fullerton, CA). The supernatant then was spun at 18,000 g for 10 min to obtain a synaptosomal/mitochondrial pellet. The pellet was resuspended in isolation media by homogenization and an aliquot was layered on a discontinuous Ficoll gradient. We modified the previously described methods.(23) using 7.2 and 11.5% Ficoll gradients. The gradient then was ultracentrifuged at 100,000 g for 70 min using an ultracentrifuge (L-880, SW28 rotor; Beckman Instrs., Inc.). Synaptosomes that were located between 7.2 and 11.5% layers were removed by suction and homogenized in -20 ml ofice-cold isolation media and spun at 18,000 g for 10 min. Pellets were resuspended in 7.5 ml ofthe isolation media, homogenized, and stored as 0.5-ml aliquots at -800C. At the time of transport studies, an aliquot was removed and allowed to thaw at room temperature.
Transport activity ofNa +-K+-A TPase. The kinetic characteristics of rubidium uptake in synaptosomes have been shown to be similar to those for potassium uptake (23) , and thus, rubidium (86Rb) uptake with or without ouabain was used for the in vitro determination of potassium transport via Na+-K+-ATPase in these studies. Data on sodium transport via Na+-K+-ATPase could be obtained based on rubidium uptake because: (a) rubidium is an adequate substitute for potassium for an estimation of the potassium transport via Na+-K +-ATPase, as the permeability of the synaptosomal membrane for rubidium is the same as that for potassium (23, 24) , and rubidium is relatively more stable than radiolabeled potassium; and (b) the stoichiometry of sodium/potassium exchange by Na+-K+-ATPase is well defined. Previous observations (12, 23) from our laboratory showed that maximum uptake of rubidium could be expected after 5 min. So, we chose this time interval in these studies.
Aliquots of synaptosomes were preloaded with (Na+) by incubation in four times its volume of preequilibrium media ( in mM] NaCI, 150; MgCI2, 1; Hepes-Tris, 5; pH 7.40) for 10 min at 37°C. The suspension then was centrifuged at 18,000 g for 6 min, and the pellet resuspended in 400-500 ,d of preequilibrium media (12, 23) . Ml uptake media combined with 2.5 ml ice-cold choline chloride (150 mM). Mean of the 22Na uptake without veratridine was subtracted from the mean with veratridine for each individual experiment. Amiloride-sensitive sodium uptake. Sodium uptake was determined in synaptosomes with or without amiloride (1 mM) (25) . An aliquot of synaptosomes was incubated with four volumes ofpreequilibrium media ([in mM] KCl, 150; MgCl2, 1; Hepes-Tris, 5; pH 7.40) for 10 min at 37°C. The suspension was centrifuged at 18,000 g for 6 min, and the pellet was resuspended in 400-500 Ml of preequilibrium media. The reaction was started at 25°C with the addition of 5 The zero time point Na uptake was obtained by adding 5 Ml protein suspension to 95 Ml uptake media combined with 2.5 ml ice-cold choline chloride (150 mM). The 22Na uptake with amiloride was subtracted from the mean without amiloride for each individual experiment.
Protein determination. Protein concentration was determined using the method of Lowry et al. (26) in synaptosome suspension after each ion transport study. Calibration curve was done using bovine serum albumin.
Water and tissue sodium content. Water and sodium content were assessed in brain gray matter, both from cortical areas defined by MRI to have impaired perfusion, and from the corresponding areas of the contralateral hemisphere. The brain water and sodium content were measured as previously described (27) . To determine brain water content, we measured the weight of wet brain tissue and then dried the tissue for 72 h at 105°C. The difference gave the brain water content.
The tissue was then extracted with 1 N HNO3, and sodium was determined in the supernatant by flame photometry (27) .
Statistical analysis. Quantitative data are expressed as mean±SE. For animal groups, previous investigations show that for all studies on brain water and electrolytes, and ion transport in synaptosomes, the typical difference between groups is at least 20% of the control value with SD < 10% of the control value. Sample size was calculated (28) using a two-tailed a of0.05 and ,B of0.20, and a standardized effect size of 0.80 (29) . Within-group and between-group data were analyzed by ANOVA and, where appropriate, Newman-Keuls tests (28). A probability of < 0.05 was considered to be statistically significant.
Results

Rat studies EFFECTS OF HYPOXIC HYPOXIA AND HYPONATREMIA ON MORTALITY IN RATS
We first evaluated the effects of hyponatremia alone vs. a cornbination of hyponatremia and hypoxic hypoxia on mortality.
The effects of hypoxic hypoxia, hyponatremia, and a combination of hyponatremia and hypoxic hypoxia on mortality in rats are shown in Fig. 2 . In control group 1 rats and in group 2 rats, where the plasma sodium was 140 mM and arterial P02 35 mm Hg, there was no mortality. In group 3 rats, where the plasma sodium was 106 mM and arterial P02 92 mm Hg, the mortality was 22%. The group 4 rats had both severe hyponatremia (sodium, 108 mM) and hypoxia similar to group 2 (PO2, 37 mm Hg), and mortality was 100%. Thus, in the absence of hyponatremia, modest hypoxia did not result in any mortality. Hyponatremia with normal arterial P02 resulted in a 22% mortality but the same degree of hyponatremia combined with modest hypoxia resulted in 100% mortality (Fig. 2) (23, 30) . The yield of synaptosomes from individual rat brains is inadequate to evaluate sodium transport via several different pathways. On the other hand, each cat brain hemisphere has adequate tissue for multiple synaptosome studies. We were also interested in creating a model that would enable us to produce encephalopathy selectively in only one hemisphere, thereby allowing us to use the opposite hemisphere as a control in each individual animal.
We have developed a reproducible model ofunilateral ischemic hypoxia using unilateral middle cerebral artery ligation in the cat ( 16, 17) . Using this model, we were able to compare ischemic brain tissue (hemisphere with unilateral middle cerebral artery ligation) to normal brain tissue (contralateral hemisphere) in the same normonatremic animal. We were also able to compare effects ofhyponatremia plus ischemia (hemisphere with unilateral middle cerebral artery ligation) to that of hyponatremia (contralateral hemisphere) in the same hyponatremic cat. In cats with hyponatremia, the plasma sodium fell from the control value of 153±1 to 123±3 mM after 180 min. We induced unilateral ischemia in both normo-and hyponatremic animals as described above.
EFFECTS OF HYPONATREMIA AND ISCHEMIC HYPOXIA ON THE APPARENT DIFFUSION COEFFICIENT
To assess brain edema associated with hyponatremia, ischemic hypoxia, and combinations of the two, we performed diffusion-weighted MRI using the ADC to demarcate the edema. In nonischemic cerebral tissue, hyponatremia alone caused the ADC to drop from 0.79±0.02 x 10-5 to 0.70±0.03 x 10-5 cm2/s (P < 0.03) (Fig. 3) . The mean ADC values in ischemic (MCA-occluded) brain tissue (0.63±0.06 x 10' cm2/s) and ischemic/hyponatremic brain (0.62±0.05 x 10-5 cm2/s) were significantly lower than in normal brain (P < 0.01 ). (Fig. 4 A) . After 3 h of hyponatremia without ischemia, there was an increase of brain water content to 435±6 ml/ 100 g dry tissue, which was significantly greater than the values in both control (P < 0.001) and ischemic cat brain (P < 0.025). Combined hyponatremia and ischemia caused a further elevation in brain water to 473±11 ml/ 100 g dry tissue, which was significantly greater than the value in normal controls (P < 0.001), ischemic cats (P < 0.001), and hyponatremic animals without ischemia (P <0.01).
Ischemic hypoxia resulted in an increase of brain sodium content from the control value of262±14 to 317±23 mmol/kg dry tissue (Fig. 4 B) (P < 0.05). Hyponatremia without ischemia produced a significant adaptive decrease of brain sodium content from 262± 14 to 233±4 mmol/kg dry tissue (P < 0.05). However, the adaptive decrease of brain sodium was not adequate to prevent a significant increase of brain water. The effects ofcombined hyponatremia and ischemia were similar to the ischemia alone. There was a reversal ofthe decreased brain sodium observed with hyponatremia alone, 307±14 mmol/kg dry tissue. When ischemia was superimposed on the preexisting hyponatremia, the brain sodium actually increased significantly above the value for hyponatremia alone (P < 0.001), and the control value (P < 0.05). This implies that ischemic hypoxia interferes with the Na'-K+-ATPase pump, so that it cannot be stimulated to extrude sodium, even in the face ofbrain edema. This condition was associated with a significant increase in brain edema (Fig. 4 A) . Thus, the control value for ouabain-sensitive potassium uptake, i.e., the activity of Na'-K+-ATPase to transport potassium (Fig. 5) (Fig. 7) .
Discussion
The results of this study demonstrate that the combined effects of two metabolic encephalopathies, hyponatremia plus hypoxic hypoxia, results in 100% mortality, whereas neither type of metabolic encephalopathy by itself is associated with a mor- Brain sodium content. *P < 0.05 vs. control. **P < 0.01 vs. control. *P < 0.025 vs. ischemia. tp < 0.01 vs. hyponatremia without ischemia. Both water and sodium content were measured in gray matter of cat brain, using previously described methods. Data are shown as mean±SE.
ouabain in the reaction mixture were 5.19±0.80 and 1.24±0.17 nmol / mg protein per 5 min, respectively. Thus, the ouabain-sensitive transport Na+-K+-ATPase activity was 3.95±0.75 nmol/mg protein per 5 min, significantly lower than the value in cats with either hyponatremia alone, or in synaptosomes from normal cat brain (P < 0.001) (Fig. 5) . Veratridine-stimulated sodium uptake in cat brain synaptosomes. Next, we investigated sodium uptake via veratridinestimulated sodium channels, which is a non-energy-requiring pathway. Veratridine is an alkaloid that selectively increases resting membrane permeability to sodium via voltage-sensitive sodium channels (33) . The control value of veratridine-stimulated sodium uptake was 2.64±0.19 nmol/mg protein per 5 min. Ischemia alone resulted in a significant decrease of sodium uptake via this pathway, to 1.5+0.09 nmol/mg protein per 5 min, (P < 0.002 vs. normal). In hyponatremic animals, veratridine-stimulated synaptosomal sodium uptake, although lower than in controls, was not significantly different Figure 6 . Effect of ischemic hypoxia, hyponatremia, and hyponatremia combined with ischemic hypoxia on the veratridine-stimulated sodium uptake. tality rate > 25%. A likely explanation for the increased mortality appears to be a failure of homeostatic brain ion transport. Animals with hyponatremia plus ischemic hypoxia are unable to adapt to the hyponatremia, which is clearly manifested by increases in cell water and sodium (Fig. 4, A and B) . Ischemic hypoxia not only eliminated the adaptive increase of Na'-K+-ATPase transport activity that was initiated by hyponatremia (Fig. 5 ), but it actually decreased the transport activity to levels below normal and close to those induced by ischemia. In aggregate, these factors caused a net increase in brain sodium, resulting in increased brain edema. In addition, the veratridine-and amiloride-sensitive pathways for sodium transport were also severely impaired in hyponatremic ischemic brain tissue. Clinical observations in patients with hyponatremic encephalopathy suggest that the progression to cerebral edema with brain damage is often associated with either hypoxia or ischemia (3, 7, 8) . The results of this study strongly support this hypothesis. Significant increases in rat mortality were observed in those experiments where hypoxic hypoxia was superimposed on hyponatremia. Exacerbation of the outcome with hyponatremia was also observed when a different type ofhypoxia, ischemic hypoxia, was imposed on hyponatremic cats. Although there may be different mechanisms associated with hypoxic hypoxia when compared with ischemic hypoxia, it seems apparent that both types of hypoxia decrease the effectiveness of the compensatory changes by which the brain adapts to hyponatremia. Other systemic and cerebral effects of hypoxia may also be important in the evolution of hyponatremic brain damage. Hypoxia is a major stimulus for increased secretion of arginine vasopressin (34, 35) . Vasopressin can directly increase water movement into the brain (36) , and thus worsen the brain edema associated with hyponatremia. In the vast majority of hyponatremic patients, blood levels of vasopressin are elevated (35, 37, 38) . This fact suggests the relevance of the current model of hyponatremia (vasopressin plus water) used in this study. In the presence of ischemic hypoxia, increased arginine vasopressin is secreted, which acts to further increase brain edema (39) . Vasopressin decreases brain production of ATP and lowers brain intracellular pH (40, 41 ) , which may be contributory factors to the impaired Na'-K+-ATPase transport activity observed with ischemic hypoxia (Fig. 5) . Furthermore, arginine vasopressin may increase vasospasm and decrease cerebral blood flow, impairing brain oxygen availability (42) . When hyponatremia is induced with a vasopressin analogue that has no cerebral effects (desmopressin), most of the aforementioned cerebral effects of hyponatremia do not occur (43) . Thus, the effects of arginine vasopressin are mediated through the interaction of different direct and indirect mechanisms that synergically worsen brain edema associated with the combination of hyponatremia and ischemia/hypoxia.
Brain edema in the cat was evaluated by noninvasive highspeed echo-planar diffusion MRI, and by measuring water content of the cerebral cortex (gray matter). Both methods delineated brain edema associated with either ischemia, hyponatremia, or a combination of both. Brain water content increased with either hyponatremia or ischemia, although the increase was larger with hyponatremia. When hyponatremia was combined with ischemia, the increase of brain water content was greater than with either ischemia or hyponatremia alone. We also found significant decreases of the ADC in each of these experimental groups when compared with control. Although the decrement in the ADC is known to be associated with a slower diffusion of water protons through tissue, the actual mechanisms are poorly understood. Possible causes include reduced brain perfusion and subsequent decrease in brain temperature, changes in the osmolality of extracellular fluid of the brain, restricted proton motion as a result of intracellular influx of water, and changes in membrane permeability ( 17) . Microdialysis application of N-methyl-D-aspartate or glutamate to rat brain has been shown to result in a decrease of the ADC, concomitant with a shift of water from extracellular to intracellular space (32) . It has been suggested (17, 19, 44) Hepes-Tris, 5; pH 7.40. Uptake media contains (in mM) choline chloride, 140; MgCI2, 5; EGTA, 0.2; NaCI, 1; tetrodotoxin, 0-3; Hepes-Tris, 5; pH 7.40. *P < 0.05 vs. control. a decline of the ADC is a marker for cytotoxic edema. A maximum decline would be expected in areas where there was severely impaired cerebral blood flow, such as ischemic tissue. Our data reveal a significant decrease of the ADC induced by ischemia, in agreement with previous observations ( 17, 20) . Decreased neuronal transport of sodium/potassium by the Na'-K+-ATPase system after ischemic hypoxia appears to be one of the major factors contributing to this decrease (Fig. 1  A) . Hyponatremia also resulted in a lesser, but still significant, decrease of the ADC. This is an interesting observation, because less profound decreases in the ADC indicate a net osmotic shift of water into the brain, including shifts to both intracellular and extracellular compartments. Less profound decreases in the ADC after hyponatremia can also denote a dynamic intra/extracellular water exchange, because ofthe activation of mechanisms participating in regulatory volume decrease, such as cell membrane pumps.
Adaptation of the brain to hyponatremia involves interaction between efflux of osmotically active cations and a gain of tissue water (10) . Loss of brain sodium as an initial adaptive response to hyponatremia was observed in this study, and has previously been reported ( 10, 45) . However, when ischemia was added to hyponatremia, there was an actual elevation of brain sodium. Thus, ischemia appeared to eliminate one of the major adaptive mechanisms whereby the brain can adapt to hyponatremia. To further test this hypothesis, we evaluated transport activity of osmotically active cations (sodium and potassium) in neuronal (synaptosomal) membranes. With hyponatremia, there was an increase in Na'-K+-ATPase transport activity, resulting in net sodium extrusion. However, with ischemic hypoxia, there was a decrease ofthe Na'-K+-ATPase transport activity, regardless ofthe serum sodium level. Activation of sodium extrusion via Na'-K+-ATPase seems to be one of the major mechanisms contributing to the volume regulatory decrease observed with hyponatremia. Although we did not measure the content of high-energy phosphates in this study, maintenance of functional activity of Na+-K+-ATPase indirectly indicates availability of ATP in the hyponatremic state (Fig. 5) . The decrease of Na+-K+-ATPase activity with ischemic hypoxia is probably secondary to reduction of intracellular ATP because of decreased cerebral oxygen availability. The level of hypoxic hypoxia in this study (arterial PO2, 35 mm Hg) would not ordinarily result in a decrement of brain ATP ( 13) . However, a combination of simultaneous metabolic insults, including vasopressin administration, has been shown to decrease brain ATP at comparable levels of arterial P02 (13, 41 ) . Failure to extrude sodium from neurons when ischemia is superimposed upon hyponatremia results in more severe edema. Whereas either hyponatremia or a brief ischemic episode might be tolerated without irreversible changes, the combination of hyponatremia plus ischemic hypoxia may lead to permanent brain damage (3) .
A significant decrease of sodium uptake via veratridinestimulated sodium channels was found after ischemia. Changes in veratridine-stimulated sodium uptake may result from multiple factors, including changes in membrane potential, membrane permeability for sodium, or changes in size and/or number of opened channels. Ischemia could affect membrane potential, causing depolarization and increasing inward movement of sodium. The veratridine-stimulated sodium uptake in synaptosomes from hyponatremic brain tissue was not significantly different from normal. However, the combination of hyponatremia and ischemia was associated with a sodium uptake significantly higher than that induced by ischemia alone. Our data do not provide information as to the mechanisms that might be involved in the elevated sodium uptake observed after hyponatremia plus ischemia compared with ischemia alone. However, the net result would be an increase in net intake of sodium via veratridine-stimulated sodium channels, which further contributes to brain edema. We also assessed sodium transport via the Na+/H+ exchanger (amiloride-sensitive sodium uptake), which is important for regulation of cell pH, intracellular sodium concentration, and cell volume in many mammalian systems (46) . We found a significant decrease of the sodium uptake in synaptosomes from hyponatremic animals. Decreased sodium influx into the brain can serve to initiate the regulatory volume decrease, in spite ofpossible intracellular acidosis, which has been reported in hyponatremic rats (40) .
Based on these data, it appears that ischemic hypoxia severely impairs the brain's adaptive mechanisms during hyponatremia: the Na'-K+-ATPase system, and the veratridine-and amiloride-sensitive pathways for sodium transport. The crucial factor by which hypoxia leads to increased brain damage and impaired brain adaptation in hyponatremic encephalopathy is the reduction in cerebral oxygen availability. Other studies have demonstrated: (a) hyponatremia can result in reduced cerebral blood flow (ischemia) (11, 47) ; (b) patients with hyponatremic encephalopathy have systemic hypoxemia (3, 7) (8); and (c) the neuropathology ofhyponatremic encephalopathy is similar to hypoxic brain damage (8, 9, 48) . While this study provides no direct evidence for possible deleterious effects of hypoxia in hyponatremic humans, it does indicate that hypoxia seriously impairs brain adaptation in experimental hyponatremia, and may be an important comorbid factor in the morbidity associated with hyponatremic encephalopathy (3, 7, 8) .
